Cobalt modified Pt-based nanocatalysts supported on reduced graphene oxide (Pt-Co/RGO) was fabricated by a magnetically enhanced inductively coupled plasma (ME-ICP). The analytical results indicated that the objective materials with appropriate particle size, uniform particle distribution, and superior crystal structure were synthesized. The catalytic activity of Pt-based catalyst for methanol oxidation was improved, attributing to the utilization of graphene supports and the metal cobalt. The electrochemically active surface area of Pt-Co/RGO and Pt utilization efficiency is calculated to be 789 cm 2 ·mg -1 and 69.3%, which is about 6.4 times and 2.88 times higher than the 20 wt.% commercial Pt/C catalyst respectively. The If of Pt-Co/RGO is measured to be 410 mA·mg -1 , which is 4.1 times higher than Pt/RGO and 8 times higher than 20 wt.% Pt/C catalyst. The If/Ib ratios of Pt/C, Pt/RGO and Pt-Co/RGO are 1.09, 1.10, and 1.13, respectively. The highest If/Ib ratio of Pt-Co/RGO demonstrates that Pt-Co/RGO has a less carbonaceous accumulation and much more tolerance toward CO poisoning.
INTRODUCTION
Direct methanol fuel cell (DMFC) has been widely concerned for its high energy density, mild operation condition, and extensive application areas. Electro-catalyst is the core and foundation of electrochemistry process including energy transformation and reserve [1] [2] [3] [4] . Generally, the catalysis reaction proceeds on the surface of nanocatalyst. But the intermediate species of methanol oxidation reaction (MOR) such as COads absorbed on the surface of the catalyst take the electrocatalysis active site, which declines the catalyst activity and the battery performance [5, 6] . At present, most investigations of DMFC are focused on the electro-catalyst design and the increase of electrocatalysis activity to avoid COads poisoning.
Transition metal with spare d molecular orbital and unpaired d electron which decreases the activation energy of the complex reaction, via forming various characteristics of the chemisorption bond, is the predominant electrocatalyst. Platinum group metals (PGM) is more active in using as an electrocatalyst. In PGM, the activity of platinum nanocatalyst is irreplaceable and much more effective for DMFC [7] [8] [9] [10] [11] . However, platinum as noble metal confronted the difficulties due to the high cost and low reservation of DMFC commercialization. The factors like the crystal form, particles size, particles distribution, electronic structure and supporter of electrocatalyst affecting the electrocatalytic performances have been investigated deeply. Adding one or more metallic elements to the noble metal element, which can be considered as alloying material including several microstructures such as random alloy, shell-core structure, dendrite nanowires and surface-modified structure et al, may generate doping effect showing up as surface effect and electronic effect. The shifty surface effect can accelerate the electrocatalytic reaction, and the electronic effect can reduce active energy [4, [12] [13] [14] . Therefore, noble metal alloy can enhance catalytic activity, reduce cost, improve the utilization rate of the noble metal and provide a more applicable and practical way for catalyst commercialization.
Alloying nanocatalyst with the special property of each element and the synergistic effect between heterogeneous atoms can be synthesized in particular composition and microstructure. In order to maximize electronic performance and COads poison tolerance of Pt-based nanocatalyst, metals such as Sn, Ru, Cr, Co, Ni, Au, Ag have been proved to behave beneficial improvement of the electrocatalytic property of Pt-based alloying nanocatalyst for MOR by scholars worldwide [14] [15] [16] [17] . With density functional theory, M. Wakisaka demonstrated that the change in the electronic state of Pt by Co is the key to the high CO tolerance via an XPS system combined with an electrochemical cell (EC-XPS). It was revealed that the Pt/Co alloy resulting in a positive core level shift of Pt could weaken the Pt-CO interaction [18, 19] . The catalyst supports on which the nanocatalyst disperses can restrain the agglomeration of nanoparticles. Graphene oxide (GO) with a large specific surface area can anchor the nanoparticles due to its specific functional group and cellular structure on the surface. GO can avoid being eroded by the electrolyte and noble metal nanoparticles that prevent particles loss and agglomeration [20] [21] [22] [23] [24] [25] [26] .
Chemical reduction method in aqueous is a common method of metal nanoparticles synthesis. The form and structure of metal nanoparticles are determined by the concentration and the relative proportion of metal precursor and surfactants. Nevertheless, the reduction can also be induced by reductive plasma generated by gas discharge, without any additional chemical reagent. Non-thermal plasmas with high active particles, charged particles, ultraviolet and X-ray provide activation energy and condition for chemical reaction [27] [28] [29] [30] . Herein, an efficient cobalt-modified Pt-based nanocatalyst supporting on reduced graphene oxide (Pt-Co/RGO) is synthesized by magnetically enhanced inductive coupling plasma (ME-ICP). Metal nanocatalyst with a certain size, crystal face and structure can be synthesized by optimizing plasma conditions. The electrocatalytic characterization shows that the prepared Pt-based nanocatalyst possesses excellent electrocatalytic activities and stability for MOR. The fabrication process of Pt-Co/RGO is schematically demonstrated in Fig.1 . In order to acquire the objective loading of Pt and Co, the concentration and dosage of each reactant was determined by batch sorption experiment. Firstly, the GO stock solution (1 g·L -1 , 75 mL) adjusted to pH≈5 by adding negligible volumes of 0.1 mol/L NaOH is dispersed in the Pt(IV) solution (0.12 g·L -1 , 400 mL). The mixture marked as (a) is stirred magnetically for 2 h at a temperature of 333 K and centrifuged at 10000 r·min -1 by super centrifuge (Allegra X-15R, BECKMAN, USA). The centrifugate with Pt (IV) can be recycled, and the solid of centrifugation is washed 3 times by aqua distillate, and re-dispersed in 50 ml distilled water to form a new mixture solution marked as (b). The solution (b) is divided into several equal parts for next step. Then Co (II) stock solutions (3 g·L -1 ) with an appropriate volume were added to the system. Each mixture solution was stirred magnetically for 1 h at a temperature of 333 K and centrifuged at 10000 r·min -1 . The centrifugate with Co (II) can be recycled, and the solid of centrifugation is washed 3 times by aqua distillate, and then freeze-dried under vacuum at 213 K. The new solid materials marked as (c) are reduced by ME-ICP H2 plasma which was generated at discharge power of 100 W, and gas flow rate of 0.6 sccm. The atom ratio of Pt and Co which was loaded on the surface of RGO is calculated by the results of the Pt and Co mass content of the prepared catalyst. The Pt mass content of the Pt/RGO and PtCo/RGO catalysts determined by ICP-MS are 27 wt.% and 17.6 wt.%. The atom ratio of Pt and Co of PtCo/RGO catalyst is calculated to be 1:3. The ME-ICP device is made up of a quartz tube reactor, a 5 windings copper coil, gas supply, vacuum system, and RF power generator. The experimental parameters of the discharge reaction are optimized by batch experiments.
EXPERIMENTAL

Preparation of stock solution
Measurement of structure and morphology characterization
X-ray diffractometer (X'PertPro MPD, Panalytical, Netherlands) with a Cu Ka radiation (CuλKα1=0.15418 nm) was used to record the XRD date. The operating condition is 40 kV and 40 mA respectively. X-ray photoelectron spectroscopy (XPS) spectra with an X-ray photoelectron spectrometer (ESCALAB 250, Thermo Fisher, USA) using Al K Alpha source is utilized to determine the elements containing in the prepared catalysts. A transmission electron microscopy (TEM) (JEM-(2010), JEOL, Japan) operated at 100 kV and energy dispersive spectroscopy (EDS) were used to analyze the crystal structure, the morphology, and metal nanoparticles loaded on RGO. The amounts of Pt and Co loaded on RGO are determined by an inductively coupled plasma mass spectrometry (ICP-MS) (iCAP Qc, Thermo Fisher, USA). A microscopes Raman spectrometer (inVia reflex, Renishaw, UK) with a 532 nm argon laser was utilized to record the Raman spectra at room temperature. The function groups conversion of GO after plasma treatment are determined by Fourier Transform Infrared (FTIR) spectrometer (NEXUS, Thermo Nicolet, USA).
Electrochemical measurement
Electrochemical workstation (CHI660e, Chenhua, CN) with a standard three-electrode cell was used to carry out the electrochemical test. In the test system, glassy carbon electrode (inner diameter 3 mm) coated with the prepared catalyst was used as working electrode. Pt wire and Ag/AgCl was regarded as counter electrode and reference electrode respectively. The geometric area of the glassy carbon electrode is about 0.07 cm 2 . 10 μL of the catalyst ink prepared by dispersing 5 mg of the catalyst powder in a mixture of 0.5 mL ethanol, 0.5 mL distilled water, and 0.2 mL 5 wt.% Nafion solution (DUPONT, USA), is uniformly spread on the surface of the pre-polished glassy carbon electrode, and then dried using an infrared lamp. The processes were repeated at least 5 times [31, 32] . The Pt loading of 0.01 mg for every prepared working electrode is strictly restrained. The curves of hydrogen electro-sorption peaks were recorded in 0.5 M H2SO4 solution pre-purified by nitrogen gas with voltage ranging from -0.3 to 1.2 V for about 20 min and a scanning rate about 50 mV· s -1 . The electrochemically active surface area (ECSA) (cm 2 ·mg -1 ) of the catalyst is calculated by using the below equation [33] :
Where mPt and qH are Pt wt.% (mg) and the adsorption charge density of monolayer hydrogen atoms on Pt surface (2.1×10 -4 C·cm -2 ), respectively. The Coulomb charge QH (unit in C) for monolayer adsorption of hydrogen is calculated by the integration of hydrogen adsorption area after double-layer correction. The chemical surface area (CSA, cm 2 ·mg -1 ) is calculated by the following formula:
Where d is the average size (nm) of Pt particle according to TEM result. The ρ is the density of platinum (21.09 g·cm -3 ). The effective utilization (η, %) of Pt is calculated from the SECSA and SCSA.
The activity of MOR occurred in 0.5 M H2SO4 and 1 M CH3OH electrolyte which had been purged by nitrogen, can be characterized by cyclic voltammetry (CV). The operating potential and scan rate was 0~1 V and 50 mV·s -1 , respectively. The chronoamperometry was adopted to investigate the stability of the prepared catalysts in 0.5 M H2SO4 and 1 M CH3OH electrolyte with the potential about 0.4 V.
RESULTS AND DISCUSSION
Characterization
Figure 2. XRD patterns of Pt/C, Pt/RGO and Pt-Co/RGO.
The electrocatalytic performance is determined by the surface structure of the electro-catalyst involved component, valence, morphology, electronic structure, and atomic arrangement. Fig. 2 shows the XRD patterns of Pt/C, Pt/RGO and Pt-Co/RGO. A face-centered cubic structures (FCCs) would be used to index almost all peaks shown in the XRD patterns. The diffraction peaks at 2θ = 39.8°, 46.2° and 67.5°of Pt/RGO and 20 wt.% commercial Pt/C correspond to the Pt (111), Pt (200), and Pt (220) planes of FCC of Pt (JCPDS No. 4-802), respectively [29] . Pt (111) at 2θ = 40.2° of Pt-Co/RGO shows a slightly positive shift and no peak attribute to Co phase. It is demonstrated that the cobalt atoms enter into the platinum to form an alloying structure which causes a lattice distance of the nanoparticles to shrink slightly. It has been revealed that alloying with Co the electronic structures of Pt atoms will result in a positive core level shift which could weaken the Pt-CO interaction. According to Vegard's law, the lattice constant will decrease and the diffraction angle will move forward when the atoms with a small atomic radius enter the crystal lattice with large atomic radius. The decorating effect of heteroatom Co on Pt nanoparticles would attribute to the shift. Pt (111) often observed in the spherical shape has the lowest surface energy for Pt-based catalyst [34] . Scherrer formula can calculate the sizes of nanoparticles which are 4.3 nm, 2.8 nm, and 2.2 nm, respectively. The diffraction peak of GO is located at 2θ =11.0°. The peak center is about 22.5° and 25.5° for Pt/RGO and Pt-Co/RGO, respectively. The d-spacing of C plane (0.35 nm) is close to the graphite (0.33 nm). The similarity would imply that the plasma treatment would remove almost all or partially the oxygen-containing functional groups. As shown in Fig.3 (a) and Fig.3 (b) , the RGO of Pt/RGO composite maintaining in few layers is similar to the pre-treated GO. Fig. 3 (c) shows that the mass concentration of the Pt supported on RGO calculated by EDS spectrum is about 22 wt.% which is closed to 27.6 wt.% analyzed by MS-ICP. Fig.3 (d) and Fig.3 (e) demonstrate that the Pt NPs distributed on the RGO surface is uniform. The inset of Fig.3 (e) shows a high-resolution image of a Pt nanoparticle. The lattice spacing of the Pt nanoparticle is measured to be 0.226 nm, corresponding to Pt (111) plane of FCC structure. As shown in Fig.3 (f) , the sizes of the Pt nanoparticles are evaluated in the range of 2 to 5 nm by using Nano measurer software. Fig.4 (a) shows that the layer of the support RGO is grown due to the addition of cobalt ion which causes the interaction of the individual layer of GO in aqueous. Nevertheless, the distribution of the Pt-Co nanoparticles is still uniform as shown in Fig. 4 (c) . Fig.4 (d) shows that the sizes of the Pt-Co nanoparticles are gathered in the range of 2 to 3 nm. Fig.4 (f) inferred that the Pt-Co particles are considered as the single crystalline consisted of the regular arrangement of cobalt and platinum atoms. It could be assumed that the Co particles enter into the Pt cluster which has been supported on GO in advance. It is considered that the element Pt and Co has been formed alloying particles [35] [36] [37] [38] . For qualitative illustration, the surface chemical compositions of GO, Pt/RGO, and Pt-Co/RGO are further performed by the XPS spectra as showed in Fig.5 (a) . The C 1s XPS core level spectra of several materials are illustrated in Fig.5 (b) . According to the C 1s spectrum, 4 types of carbon of GO are shown, i.e. C-C (284.6 eV), C-O (286.2 eV), C=O (287.4 eV), and O-C=O (289.1 eV) [39] [40] [41] . The C-C peak intensity of Pt/RGO and Pt-Co/RGO is enhanced compared to the peak intensity of GO. In Fig.5 (c) , the O 1s spectrum of GO shows several types of carbon: C-O (532.5 eV), C=O (531.8 eV) and other oxygenic groups (533.2~533.5 eV). The atomic ratio of intact (C-C) and oxygenated carbon was calculated to be 4.5, which is larger than GO (2.47). The results indicate that oxygenic groups of GO have been partially reduced and removed by ME-ICP plasma. Residual oxygenic groups as active sites are considered to anchor the metal atoms on the surface of RGO. As shown in Fig.5 (d) , both of the Pt 4f spectrums of Pt/RGO and Pt-Co/RGO have three pairs of peaks. The spin-splitting of Pt 4f7/2 and Pt 4f5/2 peaks of Pt/RGO at 70.6 eV and 73.9 eV can be associated with metallic Pt. The weaker peaks at 71.4 eV and 75.1 eV can be assigned to Pt(II) species, e.g. PtO and Pt(OH)2 [38] . The weakest peaks at 74.1 eV and 78.06 eV can be assigned to Pt(IV) species, e.g. PtO2 and Pt(OH)2O. It is observed that the metallic Pt, which can provide more suitable sites for methanol decomposition than Pt(II) and Pt(IV) species, takes the dominant place of the existent Pt elements. Compared to the Pt/RGO, a positive shift of the metallic Pt peaks and the decreased intensity is observed for PtCo/RGO, owing to the addition of cobalt. Fig.5 (e) showed the Co 2p XPS spectrum of Pt-Co/RGO. Unapparent peaks of Co 2p3/2 around 778.48 eV and Co 2p3/2 at 780.84 eV can be assigned to metallic Co, and Co(II), e.g. Co(OH)2 and CoO, respectively [42] . Raman spectroscopy can be observed in Fig.6 which is a universal method to analysis graphitic materials, the two bands of Raman spectra of GO, Pt/RGO, and Pt-Co/RGO can be assigned to the D and G bands, respectively. The D band of GO, Pt/RGO, and Pt-Co/RGO is almost located at 1351 cm -1 , due to the defect structure or partially disordered structures of graphitic domains. G bands are regarded as graphitic carbon. GO has the broader D band at 1351 cm -1 and G band at 1598 cm -1 . As the metal particles are loaded on the surface of the GO and the reduction reaction occurs, the G bands of Pt/RGO and Pt-Co/RGO shift to around 1590 cm -1 and 1585 cm -1 , respectively. ID/IG for GO is calculated to be 0.72, while that of Pt/RGO and Pt-Co/RGO is calculated to be 0.95 and 1.01, respectively. It showed that the areas oxidized of the GO are partially reduced by ME-ICP plasma, forming small conjugated domains denoted as RGO [43] [44] [45] [46] . Reduction process was investigated via FT-IR spectroscopy. Observed in Fig.7 , the broad spectral band centered at near 3455 cm -1 is related to the hydroxyl (OH) stretching vibration band. The peak at 1386 cm -1 is attributed to the O-H deformation vibration of H2O due to the inadequacy desiccation. The peak at 1710 cm -1 is due to the carbonyl (C=O) stretching vibration of the carboxyl group located on the surface of GO [47] . The peak at 1203 cm -1 can be assigned to the C-OH bending vibration band. The peak at 1155 cm -1 is considered to be the C-O-C stretching vibration [48] . It is are decreased apparently owing to the plasma reduction, while the peaks at 1155 cm -1 are weakened
simultaneously. The results demonstrate that the ME-ICP reduction method is an effective and appropriate method for the reduction of GO supported catalysts, which is highly consistent with the results of Fig.5 (c) . It can be observed from Fig.5 (c) that the intensities at C-O (532.5 eV), C=O (531.8 eV) and other oxygenic groups (533.2~533.5 eV) decrease much after plasma reduction. Meanwhile, the metallic Pt and Co were reduced from Pt(II) or Pt(IV) and Co(II) species as illustrated in Fig.5 (d) and (e). The metal nanoparticles (Pt, Pt-Co) attaching to GO can disperse efficiently due to the occupations of the active site and active space on the surface of GO [49, 50] .
Electrochemical characterizations
Cyclic voltammogram is used to measure and compare the electrochemistry performances of the different kinds of catalysts. As shown in Fig.8 (a) , the prepared catalysts and 20 wt.% commercial Pt/C electrocatalyst are cycled after 50 cycles in an N2 saturated 0.5 M H2SO4 aqueous solution at a scanning rate of 50 mV·s -1 (versus saturated RHE). The ECSA of Pt-Co/RGO is estimated to be 789 cm 2 ·mg -1 which is about 6.4 times higher than Pt/C catalyst. The Pt utilization efficiency (η, %) for Pt/C, Pt/RGO and Pt-Co/RGO are about 24.10%, 56.73% and 69.30%, respectively. The result indicates that more Pt is available electrochemically for the Pt-Co/RGO catalyst than the other catalysts. It is also demonstrated that the appropriate atom ratio of Pt and Co is importantly related to the electrochemistry performance [47, 51] . Moreover, the potential of the anode peaks and cathode peaks are very close for Pt-Co/RGO catalyst, indicating a better reversibility for oxidation of methanol on these kinds of catalysts. The double layer current of Pt-Co/RGO is larger than the others, which shows a higher surface effect. The oxygen reduction ability of Pt-Co/RGO catalyst materials is better than Pt-C catalyst, according to nearly potential peaks of anode and cathode in the oxidation area. The cyclic voltammograms of MOR for the prepared catalysts, which are performed in N2 saturated aqueous solution at a scanning rate of 50 mV/s, are shown in Fig.8 (b) . The peak during the forward scan reflects the capacity of methanol oxidation. As shown in Fig. 9 , the electrocatalyst stability of MOR is conducted by chronoamperometry at 0.4 V. It is found that the current per unit of Pt-Co/RGO is the highest of all, implying that the electrocatalytic stability of the Pt-Co/RGO catalyst for MOR is higher than the others. As can be observed from figures 2 and 5, the presence of the metallic Co peaks observed from the XPS data and the absence of the Co peaks in XRD patterns could demonstrate conjunctly the formation of Pt-Co alloys because no peak attributable to Co phase can be observed in the patterns when the Co enters into the Pt lattice to form the Co core Pt shell structure [18, 47] . Attributing to add the second metal cobalt with a certain ratio, the Pt-Co/RGO catalyst shows an improved CO tolerance [57] . The second metal is more easily to occur an oxidation reaction than platinum. The oxidation rate of intermediate products produced by MOR is enhanced due to the surface reaction. Meanwhile, the formation of intermediate products which should be strongly absorbed on Pt is suppressed according to the addition of the second metal cobalt. Also, the electronic properties and the surface morphology of Pt are changed due to the existence of the second metal cobalt. The catalyst supported on RGO shows a better stability, on account of the graphene sheets providing the amount of oxygen groups to reinforce the interaction with Pt nanoparticles.
CONCLUSION
An ME-ICP device was adopted to fabricate a cobalt-modified Pt-based nanocatalyst supported on reduced graphene oxide. The Pt and Co random alloy structure of Pt-Co/RGO fabricated via this way was certified by XRD and TEM. Due to the introduction of cobalt atom, the Pt nanoparticles lattice structure and the surface morphology were modified and the electronic characteristic was enhanced. It was verified that the oxygen functional groups on GO were feasibly reduced by ME-ICP reduction, and the alloy nanoparticles were attached to the graphene by XPS, Raman and FTIR analysis. The catalytic activity for MOR of Pt-based catalyst was improved attributing to the utilization of graphene supports and the second metal cobalt reasonably. Catalytic reaction sites with proper sizes were well dispersed on the graphene sheets attributing to the characteristic of graphene. As a transition metal, cobalt can adjust d band center of platinum by forming Pt-Co alloy nanoparticles. The present investigations demonstrated that the ME-ICP is an effective approach to fabricate Pt-Co/RGO catalysts. It is found that the If/Ib of the prepared Pt-Co/RGO catalyst is the highest among Pt/C, Pt/RGO and Pt-Co/RGO catalysts, which implies that the prepared Pt-Co/RGO has a less carbonaceous accumulation and a much more tolerance toward CO poisoning than Pt/RGO catalysts and commercial Pt/C catalysts.
